Taylor & Francis
Taylor & Francis Group

BlOfUG'i @@ Biofuels

ISSN: 1759-7269 (Print) 1759-7277 (Online) Journal homepage: http://www.tandfonline.com/loi/tbfu20

Comprehensive rheological characterization of
chopped and ground switchgrass

Tyler L. Westover, Manunya Phanphanich & J. Chadron Ryan

To cite this article: Tyler L. Westover, Manunya Phanphanich &]J. Chadron Ryan (2015)
Comprehensive rheological characterization of chopped and ground switchgrass, Biofuels,
6:5-6, 249-260, DOI: 10.1080/17597269.2015.1091189

To link to this article: http://dx.doi.org/10.1080/17597269.2015.1091189

a This material is published by permission of
the Idaho National Laboratory, operated
by Batelle Energy Alliance for the US
Department of Energy under Contract No.

-+ QL

|ts behalf, a paid- up, non- exclu.swe.and .

B AR SRR ROR S nd pertorm
publicly and display pubIchy, by or on behalf

of the Government

N\
CJ/ Submit your article to this journal &

||I| Article views: 143

A
& View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=tbfu20

(Download by: [Battelle Energy Alliance] Date: 28 March 2016, At: 13:09 )



http://www.tandfonline.com/action/journalInformation?journalCode=tbfu20
http://www.tandfonline.com/loi/tbfu20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/17597269.2015.1091189
http://dx.doi.org/10.1080/17597269.2015.1091189
http://www.tandfonline.com/doi/suppl/10.1080/17597269.2015.1091189
http://www.tandfonline.com/doi/suppl/10.1080/17597269.2015.1091189
http://www.tandfonline.com/action/authorSubmission?journalCode=tbfu20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tbfu20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/17597269.2015.1091189
http://www.tandfonline.com/doi/mlt/10.1080/17597269.2015.1091189
http://crossmark.crossref.org/dialog/?doi=10.1080/17597269.2015.1091189&domain=pdf&date_stamp=2015-11-03
http://crossmark.crossref.org/dialog/?doi=10.1080/17597269.2015.1091189&domain=pdf&date_stamp=2015-11-03

Downloaded by [Battelle Energy Alliance] at 13:09 28 March 2016

Biofuels, 2015

Vol. 6, Nos. 5—6, 249—-260, http://dx.doi.org/10.1080/17597269.2015.1091189

Taylor & Francis
Taylor & Franeis Group

Comprehensive rheological characterization of chopped and ground switchgrass

Tyler L. Westover®, Manunya Phanphanich and J. Chadron Ryan
Idaho National Laboratory, 2351 North Blvd, PO Box 1625, Idaho Falls, ID 83415-2025, USA

(Received 1 September 2015; accepted 3 September 2015)

Background: In this work the impact of grinding and chopping on the rheological properties of four switchgrass materials
(panicum virgatum) is investigated, comparing physical characterization to previously published feeding performance in
bulk equipment in a high-tonnage facility, in which chopped materials exhibited dramatically better handling performance
than corresponding ground materials. Results: Physical characterization included sieve analysis, automated digital image
analysis of particle size and shape distributions, microscopy of particle microstructure, shear tests using two different sizes
of ring shear testers, flow tests in a custom hopper with an adjustable outlet, and uniaxial compression and spring back
tests. Shear tests failed to demonstrate consistent statistically significant differences between the shear strengths of the
chopped and ground materials subjected to uniaxial compression. However, in laboratory-scale hopper flow tests, the
chopped materials exhibited substantially better flow performance than the ground materials, in agreement with the
previously published bulk handling tests. Conclusion: Chopped switchgrass materials exhibit substantially better
flowability properties in large-scale bulk equipment and in laboratory-scale hopper feeding tests; however, shear tests were
not able to reliably predict the flowability properties of bulk switchgrass particles, likely because uniaxial-compression
shear tests do not capture the effects of compressibility and elasticity in multi-dimensional flow streams.
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Introduction

Conversion of biomass into renewable fuels has been the
topic of considerable research for many years because of
its environmental and geopolitical benefits. The Billion-
Ton Update released by the US Departments of Energy
(DOE) and Agriculture (USDA) in August 2011 reports
that there are more than a billion tons of biomass available
annually in the US alone, which could replace approxi-
mately 30% of domestic petroleum usage.[1] Approxi-
mately one-third of that material could come from
perennial energy crops. Supply systems that can quickly
and efficiently handle large volumes of feedstock will
clearly be needed to deliver such large quantities of bio-
mass. Importantly, it has been estimated that harvesting,
transportation, storage, and preprocessing operations con-
tribute up to 50% of feedstock cost at the refinery gate.[2]
These handling costs can be reduced by improving han-
dling efficiency throughout the supply system.[2,3]
Recent reviews of fast pyrolysis for producing bio-oils,[4]
gasification of biomass to produce syn-gas,[5] combustion
of biomass,[5] and co-firing biomass with coal,[6,7] as
well as the use distillers grains from the production of eth-
anol from corn,[8] have all reported challenges associated
with feeding and handling biomass feedstocks.

Kenney et al. [9] noted that biomass cost-to-value
relationships have been a primary driver behind biomass
logistics research, development, and demonstration,
which has resulted in substantial progress toward improv-
ing biomass collection and preprocessing machinery per-
formance and efficiencies,[10,11] reducing material

losses,[12,13] and expanding harvesting and storage oper-
ational windows.[14] However, as Kenney et al. [9] con-
cluded, the conventional approach of driving down
logistics costs can miss opportunities that come from pay-
ing closer attention to feedstock quality. Of particular con-
cern for systems that must handle biomass materials are
the wide range of moisture contents (25—60%), large par-
ticle size distributions depending upon drying and grind-
ing/chipping conditions, low energy densities (8—14 MJ/
kg), and low bulk densities (60—100 kg/m®) coupled with
fibrous interlocking particles that tend to resist flow.
Establishing specifications and ensuring that biomass
feedstock materials consistently meet those specifications
appears critical for optimizing conversion processes.[15]
Unlike liquids and gases, bulk solid materials can sus-
tain stresses without undergoing significant deformation.
The amount of stress that bulk solids can support depends
upon their compression and stress history and, unlike
liquids and gases, when a bulk solid does flow, the flow
pattern is rarely uniform. Another important consideration
is that the shear deformation (failure) of bulk solids can
exhibit both plastic and elastic behavior. The complexity
of the flow behavior of bulk solids make them much more
challenging to handle than liquids and gases. Common
problems include plugging, segregation, obstructed or
limited discharge, erratic flow, sudden uncontrollable
flow, and sticking of material to container walls which
causes a loss of live storage and can lead to spoilage. In
2000, Merrow [16] reported that bulk solids handling has
improved due to years of experience and that industrial
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plants that handled bulk solids typically operated at 77%
of design capacity, compared to 90% for processes that
handle liquids or gases. In a perspective on solutions to
handle biomass variability, Kenney et al. pointed out that
solving biomass feeding problems will likely benefit from
material conditioning or reformatting as well equipment
optimization.[9]

The primary properties that impact flowability of bio-
mass materials include particle size and shape distribution
(including microstructure), cohesive strength/unconfined
yield strength, moisture, bulk density, compressibility,
elastic recovery, and wall friction. Permeability, which is
a measure of the ability of a bulk solid to allow a fluid or
a gas such as air to flow internally, is also important for
fine powders. Unfortunately, the impacts of these proper-
ties on the flow performance of many biomass materials
are not well documented in available literature. Jenike
developed the first complete methodology for the flow of
bulk solids within the framework of hoppers, bins, and
feeders in the 1960s and 1970s.[17] His work included
test equipment and procedures for measuring the neces-
sary material properties, a theory of bulk solids flow
within hoppers and bins, and a procedure to determine the
hopper slope and outlet dimensions required for unob-
structed gravity flow.

Most bulk solids flow easily when they are well-aer-
ated and can gain considerable strength when they are
compacted. For example, bulk solids in fluidized beds
exhibit very low shear strengths and flow easily; however,
the same bulk solids can be transformed into rigid tablets
or pellets by exposing them to extreme compressive
stresses. The fact that the strength of bulk solids increases
with compressive stress allows them to form an arch
when placed inside a hopper. As material is added to the
hopper, the normal stress (compressive pressure)
increases at the bottom causing the material to become
cohesive due to increased internal friction and shear
strength. The strength of bulk solids is typically measured
using the yield locus concept, which is explained below in
terms of flow within a hopper.

As a particle flows downward through a hopper, the
pressure to which it is subjected first increases as the
height of material above it increases, then decreases as the
particle approaches the outlet at the bottom, where the
stresses perpendicular to the material surface are essen-
tially zero (i.e., the material is unconfined). During this
process, the major and minor principal stresses (pres-
SUTES), T gjor ANA T im0, TESPECtively, experienced by the
element each proceed through maximum values, which
are denoted by o and o,, respectively. Assuming that the
elastic recovery of the material is negligible, the final bulk
density pp, of the material is only a function of o and o5,
expressed mathematically as p, = py(01,02). For this rea-
son o; and o, are termed consolidation pressures. This
relationship is demonstrated in Figure 1. The pressure—-
stress (o—7t) curve that represents failure of the material
at a specified bulk density p,(oy,05,) is known as the yield
locus. Shear stress values below the yield locus cannot
overcome the material’s strength and do not result in flow,

.
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Figure 1. Schematic showing typical yield locus and effective
yield locus for a material that has been subjected to maximum
consolidation pressures o and o, (resulting in a steady bulk den-
sity pp, assuming that elastic recovery is negligible).

while shear stress values above the yield locus result in
failure and flow of the material, which is a statement of
Jenike’s famous flow—no flow criteria, which is that flow
in a bulk solid occurs if the applied stress at a location
exceeds the material’s yield strength. The point ‘e’ marks
the end of the yield locus. If the material is subjected a
pressure beyond point ‘e’, then the maximum consolida-
tion pressures, oy and o,, are increased, resulting in an
increase in the bulk density, and a new yield locus, typi-
cally higher on the t axis, must be defined.

There are other important aspects to note in Figure 1.
First, a Mohr stress semi-circle can be drawn through the
point ‘e’ and tangent to the yield locus to determine the
maximum major and minor consolidation pressures, o
and o,, which are the intercepts of the Mohr semi-circle
with the o axis (the definition and interpretation of Mohr’s
circles can be found in strength of materials textbooks,
e.g. [18]). Second, the unconfined yield strength f.(o1,07)
is also found from the yield locus and is the major princi-
pal stress of a bulk material at a free surface, such as a
material arch (where the normal force is effectively zero)
that results in shear deformation and flow. The quantity f.
is located by defining a second, smaller Mohr semi-circle
tangent to the yield locus and that also passes through the
origin (i.e., the minor stress is zero) as illustrated in
Figure 1.

The intercept of the yield locus with the shear stress
axis also has a physical interpretation and represents a
material’s cohesion (consolidation strength with no con-
solidation pressure as marked by the point ‘c’ in Figure 1),
which is a measure of the interparticle binding strength. A
fourth parameter that can be found from the yield locus is
the effective angle of internal friction §, which is the angle
between the o axis and the line through the origin and the
point ‘e’, which is termed the ‘effective yield locus’ and
is a measure of the inner friction at steady flow. The effec-
tive angle of internal friction § is very important in the
design of hoppers and can be determined by the relation
[17]

o 1 + sind
o, 1 —sind’

(1

A large number of studies have been conducted on the
flowability of powders; [19—21 and references therein]
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Table 1. Switchgrass samples prepared during DOE’s high-tonnage switchgrass project led by Genera Energy in 2010—13.

Sample Alias Equipment TLOC (mm) Screen (mm)
Ch 13/50 Forest harvester 13 50

Ch 13/25 Chop-Lg Forest harvester 13 25
Ch9/25 Forest harvester 9 25

Ch 9/50 Forest harvester 9 25
Ch9/13 Forest harvester 9 25
Ch9 Forest harvester 9 None
Ch13 Forest harvester 13 None
Ch 13-dry” Chop-Sm Forest harvester 13 None
Gr 127 Grind-Lg Vermeer TG500 Grinder 127/ None
Gr 127/127 Vermeer TG500 Grinder 127/127
Gr 89/89 Grind-Sm Vermeer TG500 Grinder 89/89

“Harvested later in season to obtain lower moisture

however, far fewer studies have been conducted to deter-
mine the flowability of biomass materials. Chevanan et al.
[22] measured flowability parameters of chopped switch-
grass, wheat straw, and corn stover using a custom-built
direct shear tester with a 305 mm x 305 mm square cross-
section. They demonstrated that the flow property measure-
ments from the materials, which had geometric mean
lengths ranging from 7 to 15 mm were reliable and repeat-
able. Chopped corn stover exhibited the most difficult han-
dling properties with the highest angle of internal friction,
unconfined yield strength, major consolidation strength,
and cohesive strength.[19] Wu et al. [23] employed an
array of instruments, including a custom-built large annular
shear tester to measure the physical and flow properties of
different sizes of wood chips, wood pellets, and torrefied
wood pellets. They determined that wood chips and torre-
fied wood pellets had the highest angle of internal friction
and effective angle of internal friction.

Guan and Zhang [24] measured the effect of moisture
content and compressive stress on the flowability of wheat
flour using a custom-built flow hopper and direct shear
measurements. They found that increasing moisture content
from 8.6% to 14.2% resulted in a 72% increase in cohesion
but had little effect upon the effective angle of internal fric-
tion. Applied compressive stress increased the required hop-
per opening for arch-free flow by 50% or more.[21]
Fitzpatrick et al. [19] measured the flow properties of 13
food powders and reported that moisture generally made the
powders more cohesive; however, high moisture contents
appeared to lubricate the flow. Ganesan et al. [25] found that
the flowability of distillers dried grains with solubles
(DDGS) decreased with increasing moisture content and
that adding as much as 2% of calcium carbonate as a flow
additive did not significantly improve flow properties. Jen-
sen et al. measured the bridging tendency of wood chips
from whole trees, logging residues, and roundwood cut to
different particle sizes and shapes and at different moisture
contents using an adjustable slot opening and found that
most of the variation was due to the fraction of particles lon-
ger than 100 mm and moisture content.[26]

Switchgrass (Panicum virgatum L.) has been identified
as a potential cellulosic energy crop for biofuel production

[27] and, similar to other energy crops, switchgrass poses
challenges for harvesting, transportation, storage, and han-
dling. In particular, the low bulk density and poor handling
properties of switchgrass prompted the USDOE to award
Genera Energy and the University of Tennessee a US$4.9
million grant to develop high-tonnage equipment systems
to efficiently supply switchgrass to commercial-scale bio-
fuels facilities, with the unit in Vonore, Tennessee, as an
example.[28] Bulk handing operations revealed that the
materials prepared with a forage chopper exhibited dramat-
ically better handling properties than materials prepared
using a tub grinder.[29,30] This work presents the detailed
rheological property characterizations that were conducted
on switchgrass materials prepared using different chopping
and grinding equipment as part of that project.

Materials and methods
Sample preparation and characterization

Eleven switchgrass materials (Panicum virgatum L.) as
summarized in Table 1 were prepared and tested for han-
dling properties during DOE’s high-tonnage switchgrass
project led by Genera Energy in 2010—13. All samples
were harvested from Color Wheel Farm, Monroe County,
TN. Eight samples were prepared using a forest harvester
(John Deere 3975 Pull-Type) to cut different theoretical
lengths of chop (TLOC) as noted in Table 1 and three of
the samples were prepared with a Vermeer TG500 grinder
using different screen sizes. One of the materials (Ch13-
dry) was harvested later in the season to obtain a material
with lower moisture. Two samples prepared using the for-
est harvester and two samples prepared using the grinder
(marked with dark fill in Table 1) were selected for
detailed characterization, although some tests were con-
ducted on all samples. The results of the characterization
tests are described below.

Representative specimens for each test were prepared
using a custom rotary splitter that consists of eight bins
mounted on a rotating table and a conveyor. The conveyor
fed material into the rotating bins to fill each bin with a
representative sample. Well over 100 revolutions of the
bins were accomplished during each splitting operation to
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ensure that the samples in all of the bins were as represen-
tative as possible of the original sample. A riffle splitter
with 25 mm wide riffles was also used to split small quan-
tities of samples with small particles (less than approxi-
mately 25 mm in length).

Sieve particle classification

Sieve classification of the materials was performed in dupli-
cate according to ASABE Standard S310.4 using a standard
forage separator and a standard Ro-tap separator according
to ASAE S319.3. The samples were first sieved using the
forage separator and then material captured in the pan of
the forage separator was sieved with the Ro-tap separator.
Sieves with sizes (in mm) 19, 12.7, 6.3, 3.96, 1.17, 0.85,
0.5,0.5,0.212, and 0 mm (pan) were employed for samples
Grind-Lg and Grind-Sm. The same sieves were employed
for samples Chop-Lg and Chop-Sm except that an addi-
tional sieve with a side opening length of 0.6 mm was
included between the 0.85 and the 0.50 mm sieves. All
reported sieve sizes refer to the side length of the square
openings. From the sieve results, the cumulative particle
passing distributions (CPDs) and the associated probability
density distributions (PDDs), which represent the derivative
of the CPDs, were calculated. For all of the analyses, the
50% cumulative passing percentile sieve size, Sieves,, was
calculated by interpolation to find the theoretical sieve size
(side length of square opening) that corresponds to retaining
50% of the particles by mass. This sieve size corresponds to
the 50% height on the CPD. Similarly, the 10% and 90%
cumulative passing percentile sieve sizes (Sievejy, and
Sievey, respectively) were also calculated and reported.
The geometric mean particle diameter was not calculated
according to ASABE Standard S310.4 because the particles
are not approximately spherical or cubical and the particle
sizes may not be logarithmic-normally distributed.

Coarse particle image analysis (Clemex automated
digital image analysis)

The size and shape properties of the switchgrass samples
were determined using a Clemex digital image analysis
system (Clemex Technologies Inc., QC, Canada) at 48X
magnification. Digital image analysis was performed by
sparsely sprinkling representative samples onto either a
black still background or a black moving conveyor belt,
while images were captured by a camera (Clemex L 1.4 C
CCD: 1392x1024 pixels) positioned approximately 1
meter above the particles. The particles and the back-
ground were separated in the software through a gray
threshold. Additional tests demonstrated that test results
were not affected by particle orientation or conveyor belt
speed. Each set of images was analyzed cumulatively
using the following parameters:

e Area (A4): total area for each object;

e Breadth (Br): the measure of the feret perpendicular
to length (longest feret);

e Aspect ratio (Aspect): ratio of length over width
(longest feret to shortest feret);

e Feret: distance between two parallel tangents on
each side of a particle (analogous to using a caliper)
measured at a specific angle with respect to the pro-
cess frame;

e Length (L): longest of 32 ferets measured every
5.625° for each object;

e Width (W): shortest of 32 ferets measured every
5.625° for each object;

e Hybrid Length (HL): If StrW/W > 0.1, then HL = L,
otherwise HL = StrL;

e Hybrid Width (HW): (Rule 1) If StrL/StrWw > 10,
HW = StrW, (Rule 2) If StrL/StrW < 10 and StrW/
W < 0.85, then HL = StrW, otherwise HL = W,

e Perimeter (P): sum of all borders belonging to an
object interpolated from three points;

e Roughness (Rough): ratio of convex perimeter to
perimeter; provides a measure of the jaggedness of
an object’s edges;

e Roundness (Round): a shape measure that quantifies
the ‘roundness’ of an object’s edges; Round =
(4-Area)/(w-L-L);

e String Width (StrW) and String Length (StrL): Esti-
mates of average length and width of curved par-
ticles. StrW and Strl are determined by
simultaneously solving the equations: StrW-StrL =
A; 2-StrW+2-StrL = P.

The software also allows particles with certain rough-
ness values (ratio of convex perimeter to actual perimeter)
to be excluded from the measurement statistics, and this
feature was employed to prevent overlapping particles
from skewing the measurements. Particles extending out-
side the digital image were also excluded from analysis.
In addition, particles with widths less than 5 camera pixels
(approximately 0.4 mm) were also discarded from the
analysis. Sieve analysis indicated that particles with diam-
eters less than 0.5 mm represent less than approximately
5% of the total mass of the materials. Similar to the sieve
analysis, CPDs and PDDs were determined for primary
particle parameters measured by the digital imaging
method and were used to estimate 10%, 50%, and 90%
cumulative passing values. The tests for each sample
material were performed separately three times in order to
estimate repeatability. An average number of approxi-
mately 36,000 particles were analyzed per sample. Cali-
bration of the digital imaging system and assessment of
performance for analyzing pine particles has been pub-
lished in a prior publication.[31] The calibration and per-
formance for analyzing particles of the switchgrass
samples featured in this publication are shown in Supple-
mentary Figures 1—3 and Supplementary Table 1. For the
calibration process, 32 representative particles were ana-
lyzed for by quantitative visual inspection of calibrated
photographs to determine particle widths and lengths.
These measurements were then used to develop the
Hybrid Width (HW) and Hybrid Length (HL) parameters
to extract reliable length and width information of the
switchgrass particles from the automated digital image
analysis process.
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Fine particle image analysis (Keyance digital
microscope)

The effect of the cut on the edges of the grass samples was
examined using a digital optical microscope (VHX-
1000E, KEYENCE Co., Osaka, Japan) at 2500X magnifi-
cation. Several micrographs were obtained from each set
of sample particles.

Shear (unconfined yield strength) tests

Specific shear strength and unconfined yield strength
measurements were performed for materials with rela-
tively large and small size particles using an automated
Schulze ring shear tester (Dietmar Schulze Schiittgutmes-
stechnik, Wolfenbiittel, Germany) and a custom-built,
large ring shear tester, respectively. Photographs of the
ring shear cell are shown in Supplementary Figure 4.
Shear tests employing the automated Schulze ring shear
tester were conducted in accordance with ASTM D6773-
08 using a size M shear cell (outer diameter of 10 cm and
inner diameter of 5 cm).

Briefly each test consists of measuring the shear stress
in a material as it is subjected to a steady shearing veloc-
ity. The material is placed inside a ring-shaped vessel in
which the bottom half of the vessel is free to rotate rela-
tive to the top half. The upper ring is held fixed while the
bottom ring is rotated to shear the sample. As illustrated
in Supplementary Figure 4, a weight mounted on a com-
puter-controlled stage is moved to apply downward force
to the top ring by means of a hanger. The force on the top
ring applies a compressive uni-axial stress to the sample,
referred to as the ‘preshear compression stress’ o,,.. The
lower ring is then rotated relative to the top ring at a rate
of approximately 0.1 RPM. As the lower ring begins to
rotate, the shear force that is required to hold the top ring
in place quickly increases and then reaches a steady state
value, known as the ‘preshear shear stress’ 7. The shear
stress is then reduced to zero by stopping and slightly
reversing the rotation of the lower ring. The weight on the
top ring is then reduced to apply a lesser compressive
stress to the sample, referred to as the ‘shear compression
stress’ Ogeq and then the sample is sheared again. The
steady state shear stress required to shear the sample
under the lesser compressive stress is recorded as the
steady state shear stress Ty, for the combination of pre-
shear and shear compressive stresses. This process is then
repeated three or more times using the same preshear
compression stress o, but different shear compression
Stresses O,qq- to obtain a yield locus [32]. Three or more
yield locus curves obtained using different values of pre-
shear compression stress o, are used to construct a flow-
ability curve.

As noted in ASTM D6773-08, the size M shear cell
(outer diameter of 10 cm) can be employed to test materi-
als with particles as large as 1 cm. In addition, the large
particles can be removed from bulk solids with a signifi-
cant percentage of fine particles (typically one-third or
more of particles by mass that are less than 6 mm in
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length) without significantly affecting the test results
because for these materials the shearing action occurs pri-
marily across the fine particles. Samples Grind-Lg and
Grind-Sm, as shown below, consisted of particles that
were sufficiently large that shear results obtained using
the Schulze ring shear tester may not have been valid.
Consequently, a larger, custom shear cell (Supplementary
Figure 5) was fabricated. The outer diameter of the large
shear tester is approximately 25 cm (2.5 times larger than
that of the Schulze ring shear tester) and is considered
compatible with particles that are as large as 2.5 cm. The
large shear cell was installed inside a universal testing
machine (Instron load frame model 5598, Norwood, MA),
which supplies the compressive stress for the shear tests.
Similar to the Schulze ring shear tester, the larger unit
rotates the lower ring at approximately 0.1 RPM while
two force transducers apply a measured force to hold the
upper ring (the lid) stationary.

The load frame applies a compressive force through a
piston, which is equipped with a bearing and ball-joint
that allows the lid to rotate in three dimensions around the
tip of the piston. The (small) frictional forces inside the
bearing and ball-joint can affect the shear forces measured
by the force transducers, which is a disadvantage com-
pared to the Schulze ring shear tester. The small frictional
forces inside the bearing of the piston are measured in
separate experiments by rotating the bearing while a stack
of known weights supply axial load. A further difference
between the automated Schulze ring shear tester and the
custom, large ring shear tester is that the larger unit is not
fully automated. The load frame automatically applies
and maintains the specified compressive stresses; how-
ever, an operator monitors the experiments and deter-
mines when steady-state preshear and shear conditions
have been met. Subject to the limitations described above,
the experiments employing the large ring shear tester
were conducted in the same manner as those that
employed the automated Schulze ring shear tester.

Hopper flow tests using hopper with adjustable outlet

A plane-flow, V-shaped hopper equipped with an adjust-
able outlet (Figure 2) was employed to measure the criti-
cal arching width of the materials due to each material’s
self-weight and also when subjected to a compressive
force. As illustrated in Figure 2(d), a stationary liner made
of 0.1 mm stainless steel foil is inserted between the sam-
ple and the inclined walls. The stationary liner wraps
around 50 mm diameter rollers that are fixed to the bottom
of the inclined walls. As the walls are slowly raised to
widen the outlet at the bottom of the hopper, the stationary
liner is held taut, so that the material is not directly
affected by the vertical motion of the walls. The outlet at
the bottom of the hopper can be opened continuously
from fully closed to a maximum width of 0.5 m. The
length of the outlet can also be adjusted to a maximum of
1 m in length. For all tests, the length of the outlet was
larger than three times the maximum outlet width at the
point of material flow to ensure plane flow at the center of
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We ishts

(d).

L% Stationary
liner

Figure 2. Adjustable-outlet hopper. (a) Top view; (b) end-view; (c) weights positioned on vertical rod; and (d) schematic showing posi-

tion of weights, rods, material, bottom board and mass scale.

the outlet. The slope of the side walls can be adjusted from
10° through 45° from vertical, although for these tests the
slope of the side walls was maintained constant at approx-
imately 35° from vertical.

A typical test is conducted by slowly pouring material
from a height of approximately 0.6 m. If additional com-
pressive force is desired in addition to the material’s self-
weight, the hopper is filled in shallow layers of approxi-
mately 5 cm, and each layer is compressed by briefly plac-
ing a stack of weights of the desired mass (corresponding to
either 3 or 5 kPa) on top of each point on the layer’s surface
before the next layer of material is poured into place. After
the hopper is filled to a height of 28 cm from the bottom,
the biomass sample is allowed to settle for five minutes. If
additional weights are employed in a test, a weight assem-
bly is also placed on top of the biomass and allowed to
remain in place for five minutes. The weight assembly con-
sists of stacks of weights positioned on vertical rods that
press through flexible joints on plates on the biomass. After
five minutes the walls are slowly raised until the arch of
material in the bottom of the hopper fails, causing the mate-
rial to fall out through the opening. The final width of the
hopper opening is recorded as the critical arching width of
the material for the particular parameters of the experi-
ments, including material moisture, particle size distribu-
tion, bulk density, and additional applied weight, if any.
Each measurement was repeated three or more times in
order to get a statistically valid measurement.

Some tests also employ trapezoidal-shaped boards
positioned in the bottom of the hopper. The central board
(20.3 cm long) is supported above a scale as featured in
Figure 2(d) so that it is slightly above the hopper walls.
By measuring the force on the scale, the vertical compres-
sive stress in the materials at the board’s surface can be

calculated. The top faces of the boards are 5 cm wide or
wider in increments of 5 cm. Once the force on the central
board is determined, the hopper walls are slowly raised
until the boards drop out of the bottom of the hopper. The
hopper walls are then slowly raised further until the arch
of material in the bottom of the hopper breaks, and the
material flows out the bottom of the hopper, similar to
tests that do not employ boards.

Bulk density and compression tests

The bulk densities of the samples were measured by fol-
lowing a modified version of ASTM E 873-82 for densi-
fied particulate biomass fuels. The samples were poured
into a cylindrical container from a height of 0.6 m above
the container’s top edge until the height of the material
was approximately 66% of the container’s diameter. The
height of the material was less than that normally used in
the ASTM E 873-82 in order to minimize the effects of
the walls on subsequent compression tests. The loose bulk
density of the sample was estimated by dividing the aver-
age sample height as determined by at least five measure-
ments at separate locations by the mass of the sample. To
promote settling, the container with the sample was then
dropped five times from a height of 0.15 m onto a hard
surface. Subsequently, the ‘packed density’ was deter-
mined following the density measurement procedure
described above.

After the specimens were packed by dropping from a
fixed height, the container was loaded into a universal test-
ing machine that had a cylindrical lid attached to its cross-
head. The diameter of the lid was slightly smaller than that
of the container to minimize potential friction effects
between the lid and the container. The universal testing
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Figure 3. Cumulative particle width distributions (CPDs) for
two ground samples and two chopped samples as measured
using a Clemex digital image analyzer (cam) and sieve analysis
(sieve). Horizontal dashed lines indicate the 10, 50, and 90%
cumulative passing percentiles. Hybrid Width (HW) and sieve
side width were used as the width parameters for the digital
imaging and sieve analyses, respectively. For digital imaging
analyses, repeatability bars indicate the standard deviation of
three replicates; for sieve analyses repeatability bars indicate the
difference between duplicate tests.

machine was then used to the slowly lower the cylindrical
lid to compress the sample while simultaneously measuring
the applied uniaxial stress and sample density.

Results and discussion

Coarse particle image analysis and sieve particle
classification

Supplementary Figures 6—9 are photographs of represen-
tative particles of samples Grind-Lg, Grind-Sm, Chop-Lg,
and Chop-Sm as obtained using the Clemex digital imag-
ing system with a 48X magnification lens. The CPDs
based upon the Hybrid Width (HW) and sieve size (Sieve)
are presented in Figure 3, and the associated PDDs are
shown in Supplementary Figure 10. Supplementary
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Figure 11 presents the CPDs for particle length for each
of the samples featured in Figure 3. The statistics of the
particle size and shape distributions from the image and
sieve analyses are summarized in Table 2. Supplementary
Figure 12 graphically portrays the Hybrid Width and sieve
parameter information from Table 2.

In general, the sieve method reports larger particle
widths than the image method, and the deviation
between the two methods increases with increasing
particle size, as illustrated by the large differences
between the Sievegy and the HWyy results. This is
expected because, for large particles with high aspect
ratios, the particle separation of the sieve method is
strongly affected by particle length in addition to width
because long particles can span the sieve opening and
prevent them from falling to smaller sieves that more
closely match the particle’s diameters. From the image
method, the 50% cumulative passing percentile for par-
ticle width (HWsg) for the Grind-Lg and Chop-Lg are
both larger than the same values for Grind-Sm and
Chop-Sm. The same is true for the 90% and 10%
cumulative passing percentiles. The cumulative passing
percentile statistics from the sieve analyses exhibit
similar trends and indicate that the order from largest
to smallest of the samples in terms of particle size is:
Grind-Lg, Chop-Lg, Grind-Sm, and Chop-Sm.

Supplementary Figure 13 graphically portrays the
image length parameter information from Table 2. The
results indicate that the lengths of the ground samples
are interspersed with the lengths of the chopped samples,
such that the ground samples do not exhibit a consistent
particle length difference compared to the chopped sam-
ples, although Grind-Lg appears to have a higher per-
centage of long particles compared to the other samples.
It is clear from Table 2 that the ground samples have
slightly higher aspect ratios (significantly greater than
3.5 compared to less than 3.2 for the chopped samples),
and the roughness of all samples is approximately 0.95.

Table 2. Particle size distribution statistics from the image and sieve analyses. Sieve results are the average of two separate measure-
ments. For digital imaging analyses, values in parenthesis indicate the standard deviation of three replicates; for sieve analyses, values
in parenthesis indicate the difference between duplicate analyses.

Sieve (mm) Hybrid Width (mm)
Sample Si€V€50 Sievem Sievego HW50 HW10 HWgO
Grind-Lg 3.26 (0.35) 0.73 (0.1) 10.12 (1.5) 2.68 (0.13) 1.19 (0.09) 5.19 (0.11)
Chop-Lg 3.36 (0.23) 1.01 (0.01) 5.95 (0.13) 1.81(0.13) 0.8 (0.1) 3.46 (0.4)
Grind-Sm 2.7 (0.35) 0.6 (0.05) 6.53 (2.72) 2.09 (0.1) 1.03 (0.06) 3.74(0.1)
Chop-Sm 261 (0.12) 0.63 (0.02) 5.57(0.4) 226 (0.07) 121 (0.02) 3.72 (0.04)
Length (mm) Aspect ratio (-) Roughness (-)

Sample L50 LlO L‘)O AR50 Rough50
Grind-Lg 46.4 (3.9) 11.7 (0.6) 104 (29.5) 3.82(0.28) 0.85 (0.02)
Chop-Lg 13.4(1.5) 5.6(0.2) 32.7(9.7) 2.64 (0.09) 0.85 (0.04)
Grind-Sm 11.4(0.7) 3.8(0.3) 33.4(1.3) 3.46 (0.04) 0.96 (0)
Chop-Sm 11.5 (0.5) 3.8(0.3) 19.1 (1.4) 3.85 (0.07) 0.98 (0)
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Figure 4. Representative images obtained from a Keyance digital microscope (2500X magnification) of particles from samples Grind-

Lg and Grind-Sm (both ground).

Fine particle image analysis (Keyance digital
microscope)

Figure 4 presents representative images obtained from a
Keyance digital microscope of particles from samples
Grind-Lg and Grind-Sm, while Figure 5 contains digital
micrographs of particles from samples Chop-Lg and
Chop-Sm. Additional micrographs can be found in Sup-
plementary Figures 14—17. It can be seen that edges of

the ground samples are rough and have protruding split-
ends compared to the chopped samples, which have rela-
tively smooth edges.

Shear (unconfined yield strength) tests

Shear tests using the Schulze automated ring shear tester
(20 cm outer diameter) were conducted using preshear

Figure 5. Representative images obtained from a Keyance digital microscope (2500X magnification) of particles from samples Chop-

Lg and Chop-Sm (both chopped).
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Figure 6. Measured shear stresses at incipient flow as functions
of compressive stress for two ground and two chopped samples.
Preshear normal stress is 0.5 kPa for all measurements. Data was
obtained using an automated Schulze ring shear tester (25.4 cm
outer diameter).

compressive stresses of 0.5, 1.0, and 7.0 kPa, and the
resulting yield locus curves are displayed in Figure 6 and
Supplementary Figures 18 and 19 (for a discussion of
shear testing procedures and data interpretation see [32]).
Mohr stress semi-circles are also included in the figures to
enable determination of the major principal stresses of the
samples during the preshear step and the unconfined yield
stresses for the preshear conditions. The large Mohr semi-
circles pass through and are tangent to the preshear point
and their centers lie on the principal stress axis so that
their maximum intersection with the stress axis marks the
major principal stress, referred to as ;. The small Mohr
semi-circles are tangent to the yield locus and pass
through the origin (which is an unconfined or zero stress
condition). The maximum intersection of the small Mohr
semi-circles with the stress axis marks the measured
unconfined yield stresses, labeled as f.. The unconfined
yield stress f. can be difficult to determine for samples
that are highly compressible and elastic, resulting in irreg-
ularly shaped yield loci curves. The effect is especially
pronounced at low compressive stresses for which the
effects of compressibility and elasticity are greatest,
resulting in a high degree of uncertainty in the determina-
tion of .. An important note regarding Figure 6 is that the
shear test for sample Grind-Lg must be viewed with an
element of doubt because a large portion of the particles
of the sample are too large to allow for accurate tests in
the Schulze shear tester. In order to obtain approximate
results, particles longer than approximately 80 mm were
removed from Grind-Lg by hand (approximately one-
quarter of the sample by mass) to obtain the results in
Figure 6. Some of the longer particles of Grind-Sm were
also removed, however, less than 10% of the particles
were removed by mass, so removing the large particles is
not likely to have affected the shear results.[27]
Supplementary Figures 18 and 19 display shear
strength data similar to Figure 6, except the preshear stress
for the measurements are 1 kPa and 7 kPa, respectively.
The results at higher preshear stress are similar with the
shear strengths of Chop-Sm being lower than that of the
other samples. In general, the yield locus curves of all of
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the material follow an approximately linear trend with
shear strength increasing with compressive stress and pre-
shear stress.

To verify that the size of the shear cell did not substan-
tially affect the shear results of the samples with large par-
ticles, additional shear tests were also performed using a
custom-built large shear cell that is approximately
2.5 times the size of the Schulze shear cell. Results from
the large shear cell for a preshear compressive stress of
7 kPa are included in Supplementary Figure 19. The
results from all four samples at 7 kPa using the large shear
tests are very similar, which indicate that the shear
strength results are not strongly dependent upon the size
of the shear cell. Table 3 summarizes the rheological
properties obtained from shear tests. An important conclu-
sion from these tests is that shear testing using an auto-
mated ring shear tester or a larger ring shear tester was
not able to definitely demonstrate that the chopped mate-
rial possess superior flowability characteristics compared
to the ground materials as had been observed in bulk
handing operations.[30,31] Two significant limitations of
uniaxial compression shear testers, including ring shear
testers, are that they cannot measure the effect of com-
pressibility and elasticity or the effects of complex multi-
dimensional flow patterns, both of which are important
for switchgrass particles flowing in bulk equipment.
Results described below from hopper flow tests and also
compressibility tests provide additional insight into the
flow behavior of these materials.

Hopper flow tests using a hopper with adjustable outlet

Figure 7 displays the results of the hopper flow tests,
which measure critical bridging widths of the samples as
functions of the measured force on the central board
placed at the bottom of the hopper. Applying different
amounts of weight on material in the hopper as described
previously affected the compressive stress in the material
and the vertical force transferred to the boards in the bot-
tom of the hopper. The measured critical arching widths
of the ground samples appeared to be independent of the
amount of weight applied on the material, while for
chopped samples the measured critical arching width
increased with increasing weight on the material but was
always less than the critical arching widths measured for
ground samples. Consequently, there are two important
results displayed in Figure 7. First, the chopped samples
flowed through narrower openings than the ground sam-
ples, and second, the chopped samples transferred the
applied force from the weights at the top of the hopper to
the boards at the bottom of the hopper, while the ground
samples transferred the force from the weights to the hop-
per walls above the boards, rather than the boards.! The
second result is particularly important because the down-
ward force at the bottom of the hopper provides the driv-
ing force to break the arch and cause material to flow. The
fact that the ground samples transferred the force from the
weights to the hopper walls is a strong indication of poor
flowability.
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Table 3. Summary of rheological properties obtained from a Schulze automated shear tester and a larger custom-built shear cell.
FFC = o/f.. NA = Not available (extrapolation of yield locus to shear stress axis resulted in a negative value). Numbers in parenthesis
in column 2 (“Sample”) indicate the number of tested samples. Numbers in parenthesis in other columns indicates the standard deviation

of the test result.

Schulze shear tester

Opre (kPa) Sample o, (kPa) f. (kPa) FFC(-) 5(°)

0.5 Grind-Lg (n = 4) 0.93 (0.02) 0.09 (0.08) 34 (3) 12 (9)
Chop-Lg (n =3) 0.97 (0.02) 0.06 (0.05) 33 (1) 11 (1)
Grind-Sm (n = 6) 1.05 (0.07) 0.12 (0.07) 36 (3) 7(4)
Chop-Sm (n = 3) 0.86 (0.02) 0.02 (0.03) 27 (1) NA

1 Grind-Lg (n = 3) 1.78 (0.14) 0.07 (0.07) 31(2) 39 (26)
Chop-Lg (n = 3) 1.91 (0.08) 0.1 (0.02) 31 (1) 21 (6)
Grind-Sm (n = 3) 2.12 (0.06) —0.19(0.07) 34 (2) NA
Chop-Sm (n = 3) 1.68 (0.04) 0.07 (0.02) 26 (1) 26 (6)

7 Chop-Lg (n =2) 13.4(0.5) 0.52 (0.36) 31.1(1.5) 33.4(22.1)
Grind-Sm (n = 1) 13.9 1.32 33 11
Chop-Sm (n = 1) 11.8 0.17 25 68

Custom-built large shear tester

Opre (kPa) Sample o, (kPa) /- (kPa) FFC (-) 5(°)

7 Grind-Lg (n = 1) 13.0 0.60 29 22
Chop-Lg(n=1) 13.1 0.25 29 53
Grind-Sm (n = 1) 12.9 0.65 29 20
Chop-Sm (n = 1) 13.2 0.45 29 30

Tests were also performed on Chop-Sm and Grind-Lg
without boards and without weights, and those results are
shown as hollow symbols in Figure 7. For plotting pur-
poses, the tests without boards were assigned abscissa val-
ues equal to the average value of similar tests conducted
with boards. Because similar values of critical arching
width were measured with and without boards, it appears
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Figure 7. Measured critical arching widths of two ground and
two chopped samples as functions of the measured force on the
central board placed at the bottom of the hopper. Results from
tests without boards are also included as hollow symbols, and
for these tests abscissa values were set equal to the average value
of similar tests conducted with boards.

that the presence of the boards did not substantially
impact the test results. Notably, the results from the hop-
per tests are in good agreement with observations from
bulk handing operations using these materials [30,31] and
appear to provide a much better laboratory method to pre-
dict flow behavior in automated bulk flow handling equip-
ment. The design of the V-shaped hopper naturally allows
the effects of material compressibility and the two-dimen-
sional flow field to be clearly observed in the flow behav-
ior through the adjustable outlet.

A final comment is in order regarding flow tests
using the hopper. The critical bridging width is sensi-
tive to particle size, particularly for bridging widths
that approach the lengths of the particles, so particle
size effects must be considered in interpreting the
results of Figure 7. Figure 3 and Supplementary Fig-
ures 11—13 as well as Table 2 demonstrate that Chop-
Sm (chopped) has particle width and length distribu-
tions that are intermediate between samples Grind-Lg
and Grind-Sm (ground samples), so the difference in
flow behavior between the ground and chopped materi-
als is not likely due to strictly particle size effects. It
is true, however, that the aspect ratios of the chopped
samples is significantly less (approximately 3) than
that of the ground samples, which was approximately
4, so that aspect ratio may be partially responsible for
differences in the observed flow behaviors. The results
from the hopper tests are further augmented by direct
measurements of material compressibility presented
below.
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Bulk density and compression tests

As described in the methods section, samples were
loaded into a cylindrical vessel and subjected to mono-
tonically increasing applied stress. Each level of applied
stress was maintained a time period between 90 and 360
minutes. Measured stress-time and density-time curves
for sample Chop-Lg is shown in Supplementary Figure
20. The sample density for Chop-Lg was calculated at
the times indicated by the vertical gray lines to estimate
the rate at which the density increased and the time
required for further increases of the density to be negligi-
ble. Measurements for which the applied stress was
applied for 360 minutes indicated that the change in den-
sity of the samples was quite slow after 90 minutes of
constant applied stress. In fact, in all cases the increase
in density after 90 minutes of compression was 95% or
more of the total increase in density measured after 360
minutes (compared to the uncompressed state). Conse-
quently, for most of the measurements, the applied stress
was maintained constant for only 90 minutes to reduce
the amount of time required to complete each full test,
which could incur excessive changes in moisture content
or instrument operating conditions. The mass of the sam-
ples was measured before and after each test, demon-
strating that the moisture content of all samples
remained at approximately 9% during the tests.

Supplementary Figure 18 and Supplementary Table 2
contain the measured bulk densities of the ground samples
and chopped samples as functions of applied compressive
stress. The measured bulk density values for all measure-
ments have been prorated to values that would be
expected if the applied compressive stress had been
applied for 360 minutes. Appropriate prorating factors
were determined by fitting the time compression history
for the measurements for which the compressive stress
was held constant for 360 minutes. The inset in Supple-
mentary Figure 21 shows that in some cases replicated
experiments resulted in slightly different measured values,
but in all cases, replicated measurements yielded reason-
ably similar values. Note that sample Grind-Lg, which
had the largest particles, exhibited the lowest bulk densi-
ties, and that sample Chop-Sm, which had the smallest
particles, was the least compressible.

The loose and tapped bulk density measurements
are further used to determine Carr’s compressibility
index, which is defined as the percent change in bulk
volume (or density) upon tapping. In poorly flowing
materials, there are frequently large interparticle inter-
actions leading to a greater difference between the
loose and tapped densities. A Carr’s index of less than
15% generally indicates a freely flowing material. A
compressibility index was also calculated based on the
percent change of volume from the tapped condition to
the condition compressed to 7 kPa. The calculated val-
ues of Carr’s index and the compressibility index are
tabulated in Supplementary Table 2. Based upon the
compressibility Carr’s index, the chopped samples are
much less compressible than ground samples. Similar
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to the results from the hopper tests, the compressibility
results are in good agreement with observations from
bulk handing operations using these materials. Com-
paring the compressibility index to the Carr’s index
indicates that materials with compressibility index val-
ues greater than 15% would be expected to exhibit
greater flow challenges than materials with lower com-
pressibility indices. Another consideration is that in
order to employ the compressibility index as a flow
metric, the compressive stresses in the compressed and
relaxed states during the laboratory tests should be
similar to those experienced by the materials in the
bulk handling systems. The actual compressive stresses
in the bulk tests [30,31] were likely greater than the
7 kPa employed in compressibility tests, so the com-
pressibility indices of the materials in the bulk han-
dling systems may have actually been greater than the
values indicated in Supplementary Table 2.

Future perspective

Starting from the Jenike shear testers in the 1970s, shear
testing has been the definitive approach to assess and pre-
dict the flowability performance of bulk powders in hop-
pers, bins, and feeders. However, uniaxial-compression
shear testers are not always able to adequately assess the
effects of compressibility and elasticity of many biomass
materials, which often have relatively large, irregularly
shaped particles that may interlock, resulting in multi-
dimensional flow phenomena. Handling and feeding per-
formance of a wide range of feedstocks is important to the
developing biofuels industry because handling and feed-
ing behavior directly impact biorefinery performance.
Most plants today that handle bulk solids only handle a
limited number of materials with similar rheological prop-
erties; however, in order to meet quantity and cost targets,
future biorefineries will likely need to accept woody, her-
baceous, and waste materials with wide range of feeding
and handling behaviors. Consequently, new, improved
methods will be needed to reliably assess and control the
feeding and handling properties of different biomass feed-
stock materials. In this effort, understanding how supply
chain operations, including comminution, handling, and
storage, impact material properties will be key in optimiz-
ing the production of large quantities of biofuels from raw
biomass feedstocks.
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Note

1. The second conclusion is not stated clearly and is not obvi-
ous from the results in Figure 7. As material is loaded into
the hopper and compressed layer by layer as explained
above, the stress field is primarily vertical, such that the ver-
tical force on the boards at the bottom of the hopper
increases in a similar manner for the chopped and ground
samples. However, as the walls are raised and lower levels
of material exit the hopper, a radial stress field develops in
the upper levels of material to support an arch. Figure 7 indi-
cates that the ground materials are more successful in trans-
ferring the vertical force to the walls to support the arch
than are the chopped materials.
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